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(57) ABSTRACT

An optical element molding die is designed for molding an
optical element having a concave-convex structure. The
optical element can be manufactured by a wet system that
enables element formation over a large area and a curved
surface, without using a lithographic process, and is advan-
tageous in terms of mass production and equipment cost.
The optical element molding die includes a substrate having
a surface with a negative standard electrode potential in the
oxidation reaction and an anodic oxidation layer provided on
the substrate. A protective layer with the positive standard
electrode potential is provided between the substrate and the
anodic oxidation layer.

8 Claims, 2 Drawing Sheets
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1
OPTICAL ELEMENT MOLDING DIE AND
METHOD FOR MOLDING OPTICAL
ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of U.S. patent appli-
cation Ser. No. 12/613,750 filed Nov. 6, 2009, which claims
priority to Japanese Patent Application No. 2009-249094
filed Oct. 29, 2009, and Japanese Patent Application No.
2008-286552 filed Nov. 7, 2008, all of which are hereby
incorporated by reference in their entireties.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to an optical element molding die
for molding an optical element having a concave-convex
structure and to the optical element.

2. Description of the Related Art

Optical films with different refractive indexes, such as
antireflective films, have been provided individually or in a
plurality thereof'to a thickness of from several tens to several
hundreds of nanometers on the surface of optical elements,
thereby making it possible to obtain the desired optical
properties. Vacuum film formation methods such as vacuum
deposition and sputtering or wet film formation methods
such as dip coating and spin coating are used to form these
optical films on the surface of optical elements.

Optical elements called SWS (Sub-Wavelength Structure)
that have a microperiodic structure have been actively
studied in recent years as optical elements having the desired
optical properties. Antireflection function is known as a
specific feature of optical elements having a microperiodic
structure. The antireflective function is realized by providing
a periodic structure with a period less than an incident
wavelength on a substrate. In recent years, the advancements
in microprocessing technology made it possible to form
extremely fine and complex patterns.

For example, such patterns are fabricated in a semicon-
ductor process centered on photoluminescence. In this
method, a photoresist is coated on a substrate that is used to
form a concave-convex structure, exposure and develop-
ment are conducted via the photomask, a resist mask pattern
is obtained, and the mask pattern is transferred by etching
onto the substrate for forming the concave-convex structure.
Further, a large number of researches have also been con-
ducted to attempt the realization of a concave-convex struc-
ture on the base of a naturally formed regular structure, that
is, a structure that is formed in a self-regulated manner. For
example, a method in which an optical element having a
concave-convex structure is manufactured at a low cost by
arranging microparticles has been suggested.

An anodic oxidation method is also known as a method by
which a concave-convex structure can be formed over a
large area at a low cost, and the aspect ratio can be randomly
controlled. With this method, microholes are formed by
using a metal such as aluminum as an anode in an oxidizing
electrolytic solution, passing an electric current there-
through, and causing oxidation. A procedure using this
method to arrange regularly the holes side by side has been
developed. For example, a method has been developed for
producing an optical element molding die by forming an Al
film by sputtering on a die having a predetermined shape and
then forming holes by anodic oxidation and obtaining a
concave-convex structure, as described in U.S. Pat. No.
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7,268,948. This process is effective for providing a concave-
convex structure, while maintaining a highly accurate sur-
face shape of a lens or the like.

A method for manufacturing an optical element molding
die by using the conventional anodic oxidation method is a
manufacturing method that effectively makes it possible to
form a concave-convex structure over a large surface at a
low cost and control randomly the aspect ratio. In particular,
as described in U.S. Pat. No. 7,268,948, a method is effec-
tive in which an optical element molding die is fabricated by
forming an Al film by sputtering on a die having a prede-
termined shape and then forming a concave-convex struc-
ture by anodic oxidation. For the dies that are used for
high-precision molding of lenses or the like, a Ni processed
layer has been used most often due to good processability
and stability in molding, and a concave-convex structure
produced by anodic oxidation can be formed on the surface,
while maintaining the surface accuracy of the die, by form-
ing an Al film on the processed Ni surface and conducting
anodic oxidation. However, dust that is generated during
processing or dust from the atmosphere adheres to the
processed Ni layer. The amount of this dust can be reduced
by cleaning after processing, but the dust is difficult to
remove completely. As a result, the Al film is formed on the
Ni layer on which the adhered dust is present. Ni has a
negative standard electrode potential in the oxidation reac-
tion, and when anodic oxidation is conducted, nickel is
subjected to anodic electrolysis in the electrolytic solution.
The dust that has adhered to the Ni layer is also electrolyzed.

Where the dust is dissolved by the electrolysis or oxygen
is generated, the oxidation state of Al differs from the usual
oxidation state. As a result, the desired microshape cannot be
obtained. Another defect is that external appearance changes
locally due to variation in color tone caused by the concave-
convex structure in this portion. Further, anodic oxidation of
Al proceeds by oxidation of Al in the dissolution process,
but where the dust is present, dissolution also proceeds from
the Al side surface of the boundary portion of the dust and
Al As a result, the electrolytic solution reaches the Ni layer,
causing dissolution and generation of gas. As a result, the
dust falls off, pinholes are produced, and the desired micro-
shape is difficult to produce. Further, because the Ni layer is
subjected to anodic electrolysis, swelling is caused by gen-
eration of oxygen or spots are produced by dissolution of the
Ni layer and problems are associated with durability of the
die.

SUMMARY OF THE INVENTION

The invention has been created with the foregoing in
view. An aspect of the invention provides an optical element
molding die that excels in durability and has a concave-
convex structure formed to a high accuracy and also pro-
vides a method for manufacturing an optical element mold-
ing die. Another aspect of the invention provides an optical
element that has a function of inhibiting an interface reflec-
tion light amount at the light incoming-outgoing surfaces
and a method for molding the optical element.

In order to attain the above-described aspects, the optical
element molding die in accordance with aspects of the
invention includes a substrate having at least a surface
composed of a material with a negative standard electrode
potential, an anodic oxidation layer provided on the sub-
strate, and a protective layer composed of a material with the
positive standard electrode potential between the substrate
and the anodic oxidation layer.
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The method for manufacturing an optical element mold-
ing die in accordance with aspects of the invention includes
the steps of forming a protective layer comprising a material
with a positive standard electrode potential on a substrate
that has at least a surface composed of a material with the
negative standard electrode potential; forming an aluminum
layer on the protective layer; and forming a plurality of holes
in the aluminum layer and forming an anodic oxidation layer
by conducting anodic oxidation of the aluminum layer by
using an electrolytic solution including at least any of
phosphoric acid, oxalic acid, and sulfuric acid.

In accordance with aspects of the invention, the optical
element molding die that is formed by anodic oxidation
using a substrate with a negative standard electrode potential
in the oxidation reaction makes it possible to form the
desired concave-convex structure of a large area on the
optical element even on a curved surface, thereby enabling
mass production and reduction of equipment cost.

Further features of the invention will become apparent
from the following description of exemplary embodiments
with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating the first embodi-
ment of the optical element molding die in accordance with
aspects of the invention.

FIG. 2 is a schematic diagram illustrating the second
embodiment of the optical element molding die in accor-
dance with aspects of the invention.

FIG. 3 is a conceptual diagram of an average distance
between centers.

FIG. 4 is a schematic diagram illustrating the fourth
embodiment of the optical element molding die in accor-
dance with aspects of the invention.

DESCRIPTION OF THE EMBODIMENTS

The embodiments of the invention will be described
below in greater detail with reference to the appended
drawings.

First Embodiment

The first embodiment of the mold for optical element
molding in accordance with the invention will be described
with reference to FIG. 1.

FIG. 1 illustrates schematically a cross section of the first
embodiment of the optical element molding die in accor-
dance with aspects of the invention. In FIG. 1, the reference
numeral 11 stands for a substrate having at least a surface
composed of a material with a negative standard electrode
potential, 12—a protective layer formed on the substrate 11,
and 13—an anodic oxidation layer provided on the protec-
tive layer 12. A large number of holes 14 are formed by
conducting anodic oxidation in the anodic oxidation layer
13. The holes are opened in the direction perpendicular to
the surface of the anodic oxidation layer. In FIG. 1, the
substrate 11 has a flat shape, but such a shape is not limiting,
and the substrate may also have a curved shape. The shape
of the entire optical element molding die is not particularly
limited and may be similar to the die shape that is generally
used. For example, a die of a desired shape such as a round
shape, an angular shape, and a shape combining these shapes
can be also used. The constituent components will be
described below in greater detail.
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Substrate

The substrate 11 used in the present embodiment includes
Ni at least at the substrate surface to improve processability
and stability in molding. A stainless steel including Fe, Cr,
Mo, and the like together with Ni, or a superhard alloy using
Co as a binder can be also used. These materials have a
negative standard electrode potential in the oxidation reac-
tion. The “standard electrode potential”, as referred to
herein, means a value represented by AV in the reaction
defined by the following Equation (1).

Mn*+r° —=M+AV €8}

Here, Mn™ is a metal ion, M is a metal atom, n is integer
equal to or greater than 1, € is an electron, and AV is a
standard electrode potential (V).

In the optical element molding die in accordance with the
present embodiment, the entire die is immersed in an elec-
trolytic solution and electrolytic treatment is conducted in
order to conduct anodic oxidation treatment of the anodic
oxidation layer. In a case where the substrate has a negative
standard electrode potential, anodic electrolysis in the elec-
trolytic solution proceeds not only at the anodic oxidation
layer, but also at the substrate itself, and a reversed reaction
of Equation (1) proceeds. As a result, the metal M is eluted
as metal ions in the electrolytic solution. Dust present on the
surface of the substrate 11 is difficult to remove entirely.
Anodic oxidation of Al proceeds by ionization of Al and
oxidation thereof accompanied by dissolution, but when
dust is present, dissolution also proceeds from the Al side
surface of the boundary of the dust and Al. As a result, where
such dust has adhered to the substrate 11, the electrolytic
solution penetrates to the substrate 11 through the anodic
oxidation layer 13 and therefore the substrate 11 undergoes
anodic electrolysis. The resultant defects include swelling
caused by generation of oxygen and spots caused by disso-
Iution of the substrate 11. In the present embodiment, the
aforementioned problems are resolved by providing the
below-described protective layer 12 between the substrate
11 and the anodic oxidation layer 13.

Protective Layer

The protective layer 12 used in the present embodiment
includes a material with a positive standard electrode poten-
tial. In the material with a positive standard electrode
potential, a reverse reaction of Equation 1 hardly occurs in
the electrolytic solution during electrolytic treatment. There-
fore, the protective layer 12 is less likely to elute in the
electrolytic solution. This is because, when a voltage is
increased as in the case of anodic oxidation, dissolution of
electrolytic components contained in water or a conversion
liquid occurs before the reverse reaction of Equation (1),
thereby preventing dissolution and functioning as a protec-
tive layer.

A material with a positive standard electrode potential can
be selected from the group consisting of Ir, Au, Pt, Ru, Pd,
Rh, Re, Ag, Ti, and Cu. An alloy composed of these metal
elements may be also used. It is preferred that the protective
layer 12 include at least one metal element selected from the
aforementioned materials.

A layer that has a standard electrode potential higher than
that of the electrolytic solution, but is not from a metal may
be also used. Examples of such suitable materials include
Si0,, Ti0,, Al,O;, SiN, TiN, and organic polymers.

Among the above-described materials, Au, Cu, Pt, SiO,,
and TiN are preferably used from the standpoint of durabil-
ity and easiness of film formation when used as the die.
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Anodic Oxidation Layer

The anodic oxidation layer of the present embodiment
includes aluminum and has a plurality of holes opened in the
direction perpendicular to the surface of the anodic oxida-
tion layer. These holes are formed during anodic oxidation
of the aluminum.

The anodic oxidation as referred to herein means the
following technique. Thus, aluminum is immersed as a
positive electrode into an electrolytic solution composed of
sulfuric acid, oxalic acid, or phosphoric acid. The aluminum
is oxidized by connecting a direct current power source
between the positive electrode and a negative electrode that
is also immersed in the electrolytic solution and passing an
electric current between the electrodes, and holes of a
submicron order are formed anisotropically in the direction
perpendicular to the surface of the anodic oxidation layer.
The aluminum anodic oxidation layer is thus formed.

It is known that the pitch and depth of the holes can be
controlled by appropriately selecting conditions such as
voltage, temperature, and concentration. The pitch of the
holes is the distance between the center of a hole to the
center of an adjacent hole. The hole depth is the distance
from the surface of the anodic oxidation layer to the bottom
portion of the hole. By appropriately selecting the conditions
of the anodic oxidation process, it is possible to form a
porous alumina layer having holes over the entire surface of
the Al layer formed on the substrate, thereby forming a
concave-convex structure rapidly and inexpensively.

In anodic oxidation, it is preferred that sulfuric acid
solution be used at a low voltage (equal to and lower than
about 30 V), phosphoric acid solution—at a high voltage
(equal to or higher than 60 V), and oxalic acid solution—at
an intermediate voltage. Further, the holes formed by anodic
oxidation are known to have a structure with a periodic
arrangement of about 2.5 times the voltage. Therefore, the
period may be adjusted by using different solutions. The
hole depth is proportional to the voltage application time
under various voltage and temperature conditions. There-
fore, the conditions may be appropriately selected according
to the desired fine hole shape. However, the hole diameter
after anodic oxidation is uniquely determined by the con-
ditions.

A method for manufacturing the above-described optical
element molding die of the first embodiment will be
described below.

First, a substrate cut to a desired shape and surface
accuracy is prepared. As for the substrate material, from the
standpoint of processability and stability in molding, it is
preferred that Ni be contained in at least the substrate
surface. A stainless steel including Fe, Cr, Mo, and the like
together with Ni, or a superhard alloy using Co as a binder
can be also used. The cutting may be performed directly on
the substrate. For example, it is possible to plate a SUS base
with Ni—P and then cut the plated layer.

Stains and dust present on the substrate surface are then
removed. The stains and dust can be removed by conducting
degreasing or electrolytic cleaning.

A protective layer is then formed on the substrate. For
example, a gold plating layer is formed by electroplating.
The protective layer material is not limited to Au and can be
selected from the group consisting of Ir, Pt, Ru, Pd, Rh, Re,
Ag, Ti, and Cu. Further, alloys composed of these metal
elements may be also used. It is preferred that the protective
layer include at least one metal element selected from the
aforementioned materials. A layer that has a standard elec-
trode potential higher than that of the electrolytic solution,
but is not from a metal may be also used. Examples of such
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suitable materials include SiO,, TiO,, Al,O;, SiN, TiN, and
organic polymers. As a method for forming the protective
layer with these materials, a method suitable for these
materials may be optionally selected from a plating method,
a dip coating method, a spin coating method which are a wet
method; and a vacuum deposition method and a sputtering
method which are a dry method. In view of durability of
using as the die and easiness of film formation among the
above materials, a material selected from at least one of Au,
Cu, Pt, SiO, and TiN may be used as the protective layer
material.

Then, for example, Ti is provided as a bonding layer by
sputtering on the protective layer and an aluminum layer is
formed thereupon, thereby making it possible to obtain a die
covered with aluminum. A positive electrode is then
attached to part of the surface other than that where a
concave-convex structure will be formed, the substrate is
covered with a masking tape so as to expose only the surface
where the concave-convex structure will be formed, and the
other surface is insulated and waterproofed by this cover.
The die is then immersed together with the negative elec-
trode, for example, in a 5 wt. % aqueous solution of
phosphoric acid adjusted to a temperature of 10° C. Holes
can thereafter be opened in the direction perpendicular to the
surface of the anodic oxidation layer by applying a voltage
of 120 V and passing an electric current till the current
amount becomes sufficiently small. A optical element mold-
ing die can thus be obtained that has formed thereon the
desired fine structure that is free from swelling and spots at
the surface of the anodic oxidation layer.

Second Embodiment

The second embodiment of the optical element molding
die in accordance with aspects of the invention will be
described below.

In the present embodiment, the diameter of a plurality of
holes formed during anodic oxidation of aluminum is
enlarged by etching in the anodic oxidation layer. The
optical element molding die that has the above-described
structure will be explained with reference to FIG. 2. The first
embodiment and second embodiment have many common
features, the explanation of these features will be omitted,
and only features that are different from those of the first
embodiment will be explained.

FIG. 2 is an enlarged schematic drawing illustrating the
cross-section of a plurality of protrusions at a substrate
having the concave-convex structure of the present embodi-
ment. In the present embodiment, similarly to the first
embodiment, an anodic oxidation layer 23 is formed on a
protective layer 22 that has been provided on a substrate 21.
The diameter of a very large number of holes that are formed
by anodic oxidation at the anodic oxidation layer 23 is
isotropically enlarged by etching.

The diameter of holes obtained by anodic oxidation is
isotropically enlarged by etching conducted, for example, by
immersion in phosphoric acid or the like. The diameter of
holes is proportional to immersion time in phosphoric acid
at all temperature conditions and concentration conditions.
Therefore, the conditions may be appropriately selected
according to the desired fine shape.

A method for manufacturing the optical element molding
die according to the second embodiment will be explained
below.

A die covered with aluminum is prepared by a method
similar to that of the first embodiment. Then, similarly to the
first embodiment, a positive electrode is attached to part of
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the surface other than that where a concave-convex structure
will be formed, the substrate is covered with a masking tape
s0 as to expose only the surface where the concave-convex
structure will be formed, and the other surface is insulated
and waterproofed by this cover. The substrate is then
immersed together with the negative electrode, for example,
in a 5 wt. % aqueous solution of phosphoric acid adjusted to
a temperature of 10° C. An optical element molding die that
has formed thereon the desired fine concave-convex struc-
ture having holes in the direction perpendicular to the
surface can then be obtained by applying a voltage of 120 V
and passing an electric current till the current amount
becomes sufficiently small. The anodically oxidized die that
has thus been obtained is further etched by immersing, for
example, in a 5 wt. % aqueous solution of phosphoric acid
at room temperature, thereby making it possible to obtain an
optical element molding die of the present embodiment that
has formed thereon the desired fine concave-convex struc-
ture having holes in the direction perpendicular to the
surface of the anodic oxidation layer.

Third Embodiment

In the present embodiment, an optical element will be
explained that is molded by a molding process using an
optical element molding die fabricated by a method similar
to that of the second embodiment, this optical element
having a plurality of concave-convex structures obtained by
transferring the surface of the optical element molding die.
By using the optical element molding die that is produced by
a method similar to that of the second embodiment, it is
possible to inhibit the occurrence of pinholes. Therefore, the
concave-convex structure can be produced according to the
designed values at the die, thereby making it possible to
obtain an optical element according to the designed values.

Generally, when two substances with different refractive
indexes and a pitch shorter than a wavelength are mixed, the
refractive index n,, in the mixing region can be represented
with Equation (2) below by the refractive indexes (n,, n,) of
the two substances and volume (ff;, ff,) occupied by each
substance per unit volume.

@

n=ffixn +Hxn,
When only the two substances are present in the mixing
region,

Fiol 3

In a case where light falls perpendicularly from the
substance 1 onto the substance 2, or from the substance 2
onto the substance 1, the highest antireflective effect is
obtained when the refractive index n,, of the mixing region
is

[Formula 1]

”12:\/”!1”’12

Q)

For example, when a hole is filled with air, where the
refractive index of the substance constituting the hole wall
is denoted by n, the fraction ff per unit volume of the hole
at which the highest antireflective effect is obtained is
represented by Equation (5) below.
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[Formula 2]
i ®
= n—1

In a case where the optical surface where the hole is
formed is the outermost surface that is in contact with air and
the refractive index n of the material constituting the hole
wall is 1.56, in order to obtain the highest antireflective
effect with respect to the perpendicular incidence, it is
especially preferred, as shown by Equation (5), that the
volume ratio occupied by holes be about 56%. Further, the
optimum value of the volume ratio can be appropriately set
not only by the refractive index of the material constituting
the hole wall, but also by the light incidence angle and
polarization.

Where the distance between the centers of adjacent holes,
from among the plurality of holes in the present embodi-
ment, is denoted by p and the wavelength used is denoted by
A, the settings are made to satisty the following condition:

[Formula 3]

A (6
p< (r2y8inf + 115)

The conditional formula (6) establishes the upper limit for
the distance p between the centers of the adjacent holes.
Where the upper limit of conditional formula (6) is
exceeded, the resultant distance between the adjacent holes
is undesirable because zero-order diffraction light is gener-
ated and therefore a uniformly excellent antireflective char-
acteristic is difficult to demonstrate over the entire optical
surface. The lower limit is functionally not restricted and
may be made as small as possible, provided that volume
ratio of the aforementioned hole and air is adequate.

Where the wavelength used is denoted by A and the
opening ratio is denoted by f, the hole depth d in the optical
element is set to satisfy the following condition:

(n1-frn2-(1=f))-d=0/A %)

In a single-layer antireflective film, it is most effective to
set the optical film thickness nd so that

nd=N4 ®

where n is a refractive index of the thin film, d—a
geometric film thickness, and A—a designed reference
wavelength. In a case where the refractive index of the
mixed region is uniform in the thickness direction, the
reflection prevention can be said to be similar to that of the
single-layer film.

Here, the opening ratio f means an area ratio of holes to
the treatment area. The opening ratio can be found by binary
image processing in a predetermined image region such as
that of electron microscope.

Thus, by enlarging the hole diameter, it is possible to
realize a uniform antireflection characteristic over the entire
optical surface. With the optical element molding die of the
present embodiment, the occurrence of pinholes can be
inhibited. Therefore, a concave-convex structure can be
produced at the die according to the designed values. As a
result, an optical element can be obtained that has a uniform
antireflective characteristic over the entire optical surface.
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A method for manufacturing the optical element having
the above-described concave-convex structure will be
described below.

The optical element molding die that has been obtained by
a method similar to that of the first embodiment is observed
under a scanning electron microscope. As shown in FIG. 3,
a central coordinate position 31 of a hole is found by image
processing, and the average value p of a distance 33 between
the centers with the closest six holes 32 is found. The die is
then immersed in a 5 wt. % aqueous solution of phosphoric
acid at normal temperature, the holes are expanded by
gradual dissolution till the desired opening ratio is obtained,
and the desired fine concave-convex structure is formed.

A spacer is then provided on the die produced in the
above-described manner to obtain a predetermined thickness
and an ultraviolet curable resin is dropped. A quartz sub-
strate subjected to a coupling processing is slowly brought
into contact with the ultraviolet curable resin, press bonded
thereto, and spread to prevent the penetration of air bubbles,
thereby filling the space between the quartz substrate and the
die having the concave-convex structure of the first embodi-
ment. Curing is then conducted by ultraviolet irradiation
from the glass plate direction. The cured product is peeled
off from the substrate, and an optical element having a fine
concave-convex structure is obtained.

The optical element molded in the above-described man-
ner can be advantageously applied to image pick-up devices
such as cameras and video cameras and projection devices
such as liquid crystal projectors, displays, and optical scan-
ning devices of electrophotographic apparatuses.

Fourth Embodiment

The fourth embodiment of the optical element molding
die in accordance with aspects of the invention will be
described below.

The optical element molding die in accordance with the
present embodiment has a tapered concave-convex struc-
ture. The present embodiment, first embodiment, and second
embodiment have many common features, the explanation
of these features will be omitted, and only features that are
different from those of the first embodiment and second
embodiment will be explained.

FIG. 4 is a schematic drawing illustrating an enlarged
cross-sectional view of the optical element molding die that
has a tapered concave-convex structure of the present
embodiment. In the present embodiment, an anodic oxida-
tion layer 43 is formed on a protective layer 42 formed on
a substrate 41 in the same manner as in the first and second
embodiments. A plurality of tapered holes 44 (concave
portions) are provided at the surface of the optical element
molding die. The plurality of holes 44 are formed indepen-
dently from each other in the normal direction to the surface
of the optical element molding die. The hole diameter
decreases in the depthwise direction (direction toward the
bottom of the holes) from the surface of the optical element
molding die.

In a case where the size of the concave-convex structure
in the transverse direction is less than the light wavelength,
the effective refractive index n, to a certain height can be
found by using the following relationship from the Lorentz-
Lorenz equation.
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[Formula 4]
n?-1 n -1 ()]
nE+2 2

where n, stands for a refractive index of the material
forming the concave-convex structure and f; is a space
occupation ratio at this height.

Therefore, in a case where the concave-convex structure
has a tapered shape and the space occupation ratio of the
structure changes gradually from the air (space medium)
toward the substrate (incidence medium), the effective
refractive index n, also changes gradually.

In the case where the refractive index changes gradually
due to the tapered shape, the reflected light corresponding to
the microvariation amount is generated at each height
according to the Fresnel equation. Further, the reflected light
beams generated at each height interfere, and in a case where
the height of the concave-convex structure is equal to or
greater than a predetermined value, these lights are canceled
by the interference and the reflected light is attenuated.
Therefore a configuration of a certain height that has a
tapered shape in the form of conical or tapered conical
protrusions makes it possible to reduce the reflectance by
comparison with that in the case of a columnar shape.

A method in which anodic oxidation and enlargement of
hole diameter are repeated in multiple stages can be used to
manufacture the above-described die of a tapered shape.
First, holes are obtained by conducting anodic oxidation for
a given time. Then, the die is immersed into an aqueous
solution of phosphoric acid and the hole diameter is
enlarged. The die thus obtained and having the enlarged hole
diameter is subjected to a second anodic oxidation treatment
under conditions identical to those of the initial treatment.
As a result, a hole is further formed in the depth direction
inside the initially formed hole that has enlarged diameter.
Immersion into an aqueous solution of phosphoric acid is
then conducted under conditions identical to those of the
initial treatment. As a result, the diameter of the hole portion
that has been initially formed is further enlarged, and the
diameter of the hole obtained in the second anodic oxidation
is also enlarged. These operations make it possible to obtain
a concave-convex structure provided with concave portions
that have a two-stage diameter that decreases in the thick-
ness direction. By repeating the anodic oxidation treatment
and immersion into aqueous solution of phosphoric acid in
the above-described manner, it is possible to obtain a con-
cave-convex structure having concave portions in the form
of tapered holes in which the diameter decreases in multiple
steps in the depth direction (direction toward the bottom of
the hole). In the explanation above, the conditions of
repeated operation are the same for the sake of simplicity,
but they may be also different. Furthermore, the anodic
oxidation conditions, etching conditions in the aqueous
solution of phosphoric acid, and the number of times these
operations are repeated may be appropriately selected
according to the desired shape of the fine concave-convex
structure.

This optical element molding die is used to obtain an
optical element having a concave-convex structure with
tapered convex portions obtained by transferring the shape
of the die onto the element surface. The convex-concave
structure shaped at the die may be transferred by molding
such as injection, replica, pressing, or pouring, but injection
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and press molding are especially preferred because they
enable efficient molding together with the substrate.

A method for manufacturing the above-described optical
element molding die and a method for manufacturing an
optical element using the optical element molding die
according to the fourth embodiment will be described below.

First, for example, a Ni—P plating layer is formed to a
thickness of 100 pm on a SUS base and a substrate cut to the
desired shape and surface accuracy is prepared. The sub-
strate is degreased and then stains and dust present on the
substrate surface are removed by ultrasonic cleaning. After
drying, for example, a SiO_ film is formed as a protective
layer. Then, for example, a Ti layer with a thickness of 50
nm is provided as an adhesive layer on the protective layer,
while maintaining the vacuum state, and then an aluminum
layer is uniformly formed, for example, by deposition on the
adhesive layer to obtain a die covered with aluminum. A
positive electrode is then attached to part of the surface other
than that where a concave-convex structure is wished to be
formed, masking is conducted, and an aluminum-covered
die is obtained that is insulated and waterproofed by cov-
ering the area outside this surface. The die is then immersed
together with the negative electrode, for example, in a 5 wt.
% aqueous solution of phosphoric acid adjusted to a tem-
perature of 10° C. A voltage of, for example, 120 V is then
applied from a direct current power source and a current is
passed for 3 min 30 sec. The hole diameter is then expanded
by etching, for example, by immersing for 45 min in a 5 wt.
% aqueous solution of phosphoric acid at room temperature
and dissolving. The voltage application and current passing
procedure and the etching procedure are repeated a plurality
of times to enlarge the hole diameter and obtain the tapered
holes. The optical element molding die that has been pro-
duced by the above-described procedure is then used for
injection molding a resin or the like with an injection
molding apparatus or the like to obtain an optical element
having a concave-convex structure.

The optical element manufactured in the above-described
manner can be advantageously applied to image pick-up
devices such as cameras and video cameras and projection
devices such as liquid crystal projectors, displays, and
optical scanning devices of electrophotographic appara-
tuses. The invention will be described below in greater detail
by examples thereof. However, the invention is not limited
to the examples.

Example 1

First, a Ni—P plating layer with a thickness of 100 um
was formed on a SUS base and the surface of the plated layer
was cut to prepare a substrate processed to the desired shape
and surface accuracy. The substrate had a diameter of 30 mm
and a thickness of 10 mm. The substrate was degreased and
then stains and dust present on the substrate surface were
removed by electrolytic cleaning. A gold plating layer with
a thickness of 300 nm was then deposited as a protective
layer by electroplating. A protective layer could thus be
produced, while inhibiting the adhesion of stains and dust
after cleaning, by continuously conducting the series of
operations in a wet process.

A Ti layer with a thickness of 50 nm was provided as an
adhesive layer by sputtering on the protective layer, an
aluminum layer was uniformly formed to a thickness of 300
nm on the titanium layer, and a die covered with aluminum
was obtained. A positive electrode was then attached to part
of the surface other than that where a concave-convex
structure will be formed, the substrate was covered with a
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masking tape so as to expose only the surface where the
concave-convex structure will be formed, and a state was
obtained in which the surface outside this surface was
insulated and waterproofed. The die was then immersed
together with the negative electrode in a 5 wt. % aqueous
solution of phosphoric acid adjusted to a temperature of 10°
C. A voltage of 120 V was then applied from a direct current
power source and a current was passed till the current
amount became sufficiently small, thereby obtaining a opti-
cal element molding die that had holes perpendicular to the
surface. The desired fine concave-convex structure was
formed on the surface of the optical element molding die. On
the surface of the optical element molding die, generation of
swelling and spots due to dissolution of the Ni layer was not
observed.

Comparative Example 1

A conventional optical element molding die was then
manufactured for comparison. Before a protective layer was
formed, a substrate was prepared by a method similar to that
of Example 1. The substrate was cleaned and dried by a
method similar to that of Example 1, an Al film was then
formed on the substrate by a method similar to that of
Example 1, and an anodic oxidation layer was formed.
Swelling and spots where the Ni layer dissolved appeared on
the surface of the obtained optical element molding die
(without protective layer).

Example 2

A Ni—P plating layer with a thickness of 100 um was
formed on a SUS base and a substrate cut to the desired
shape and surface accuracy was prepared. Stains and dust
present on the substrate surface were removed and a copper
plating layer with a thickness of 300 nm was then deposited
as a protective layer by electroplating. A protective layer
could thus be produced, while inhibiting the adhesion of
stains and dust after cleaning, by continuously conducting
the series of operations in a wet process.

A Ti layer with a thickness of 50 nm was provided as an
adhesive layer by sputtering on the protective layer, an
aluminum layer was uniformly formed to a thickness of 300
nm on the titanium layer, and a die covered with aluminum
was obtained. A positive electrode was then attached to part
of the surface other than that where a concave-convex
structure will be formed, the substrate was covered with a
masking tape so as to expose only the surface where the
concave-convex structure will be formed, and a state was
obtained in which the surface outside this surface was
insulated and waterproofed. The die was then immersed
together with the negative electrode in a 5 wt. % aqueous
solution of phosphoric acid adjusted to a temperature of 10°
C. A voltage of 120 V was then applied from a direct current
power source and a current was passed till the current
amount became sufficiently small. The anodically oxidized
die obtained in the above-described manner was etched by
immersing for 45 min in a 5 wt. % aqueous solution of
phosphoric acid at room temperature, thereby making it
possible to obtain an optical element molding die that had
the desired fine concave-convex structure having holes in
the direction perpendicular to the surface. On the surface of
the optical element molding die, generation of swelling and
spots due to dissolution of the Ni layer was not observed.

Example 3

A Ni—P plating layer with a thickness of 100 um was
formed on a SUS base and a substrate machined to the
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desired shape and surface accuracy was prepared. The die
was degreased and then stains and dust present on the die
surface were removed by ultrasonic cleaning. After drying,
a SiO, film with a thickness of 1 pm was formed as a
protective layer with a sputtering device. Then, a Ti layer
with a thickness of 50 nm was provided as an adhesive layer
on the SiO,, and then an aluminum layer was uniformly
formed by deposition on the adhesive layer to obtain a
substrate covered with aluminum. A positive electrode was
then attached to part of the surface other than that where a
concave-convex structure was wished to be formed, mask-
ing was conducted, and an aluminum-covered substrate was
obtained that was insulated and waterproofed by covering
the area outside this surface. The substrate was then
immersed together with the negative electrode in a 5 wt. %
aqueous solution of phosphoric acid adjusted to a tempera-
ture of 10° C. A voltage of 120 V was then applied from a
direct current power source and a current was passed till the
current amount became sufficiently small, thereby obtaining
a substrate having holes perpendicular to the surface. The
substrate thus obtained was observed under a scanning
electron microscope and very large number of holes were
confirmed to have been formed on the substrate surface. As
shown in FIG. 3, a central coordinate position 31 of a hole
was found by image processing, and the average value p of
a distance 33 between the centers with the closest six holes
32 was found. The average value p of the distance between
the centers of the adjacent holes, that is, a pitch, was about
300 nm. The substrate was then immersed in a 5 wt. %
aqueous solution of phosphoric acid at normal temperature,
the holes were expanded by gradual dissolution and a
substrate having the desired independent protrusions was
obtained. The opening ratio f in this case was 75%. The
desired fine concave-convex structure was formed on the
optical element molding die thus obtained. On the surface of
the optical element molding die, generation of swelling and
spots due to dissolution of the Ni layer was not observed.

A spacer of 50 um was then provided and an ultraviolet
curable resin (RC-0001: manufactured by Dainippon Inks
and Chemical Co., [.td.) was dropped. A glass substrate
(BK7) subjected to a coupling processing was slowly
brought into contact with the ultraviolet curable resin, press
bonded thereto, and spread to prevent the penetration of air
bubbles, thereby filling the space between the quartz sub-
strate and the die having the concave-convex structure of the
first embodiment. Curing was then conducted by irradiation
for 750 sec at 40 mW with ultraviolet with a central
wavelength of 365 nm from the glass plate direction. The
cured product was peeled off from the optical element
molding die, and an optical element having the desired fine
concave-convex structure was obtained.

Comparative Example 2

A optical element molding die having no fine concave-
convex structure which was formed before the protective
layer was formed by the method according to Example 3,
was formed. An optical element was molded by a method
identical to that of Example 3 by using this optical element
molding die. A surface-reflectance of the optical element
obtained in Comparative Example 2 and Example 3 was
measured. Table 1 below shows the results obtained by
measuring the reflectance of the optical elements at an
incidence angle of 5° by a spectrophotometer. The reflec-
tance of the optical element having a fine concave-convex
structure was found to be lower by about 3% than that of the
optical element having no fine concave-convex structure.
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The cross-section of the optical element thus obtained was
observed under a scanning electron microscope and a large
number of protrusions were confirmed to be present perpen-
dicular to the substrate surface. Also, optical element having
a good appearance that no swelling and spots exist could be
obtained in Example 3 and Comparative Example 2.

Table 1

Results Obtained in Measuring the Reflectance of

Optical Elements

450 nm 500 nm 550 nm

Fine structure
is present
Fine structure
is absent

1.4% 1.2% 1.1%

4.4% 4.4% 4.3%

Comparative Example 3

A conventional optical element molding die was then
manufactured for comparison. The substrate formed before
the protective layer was formed by the method according to
Example 3, was prepared to take as the optical element
molding die of Comparative Example 3. The substrate was
cleaned and dried by a method similar to that of Example 3,
an Al film was then formed on the substrate by a method
similar to that of Example 3, an anodic oxidation layer was
formed, and the etching was performed to obtain the con-
ventional optical element molding die of Comparative
Example 3. On the surface of the conventional optical
element molding die (having no protective layer), swelling
and spots due to dissolution of the Ni layer were generated.

The optical element was formed by a method identical to
that of Example 3 by using this optical element molding die.
The reflectance of the conventional optical element of
Comparative Example 3 at a portion where swelling and
spots were not generated, was found to be lower by about
3% than that of the optical element of Example 2 having no
fine concave-convex structure. However, a lowering of the
reflectance is not observed at a portion where a swelling and
spots-generating part was transferred. As a result, the optical
element having unevenness in an appearance was undesir-
ably obtained by difference of the reflectance between the
portion and a circumference thereof. The cross-section of the
optical element thus obtained was observed under the scan-
ning electron microscope and a large number of protrusions
was confirmed to be present perpendicular to the substrate
surface at a normal portion. At a swelling portion, holes
opened by dissolution of the Ni layer were transferred to
form convex protrusions having a size of um-order which
were not desired. Also, in a portion where circumferential
spots were transferred, protrusions were not formed. In
Comparative Example 3 that the protective layer was not
provided, the optical element having good appearance and
good performance could not be obtained.

Example 4

A Ni—P plating layer with a thickness of 100 um was
formed on a SUS base and a substrate cut to the desired
shape and surface accuracy was prepared. The substrate was
degreased and then stains and dust present on the die surface
were removed by ultrasonic cleaning. After drying, a TiN
film with a thickness of 1 um was formed as a protective
layer with a sputtering device of reactive system. Then, a Ti
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layer with a thickness of 50 nm was provided as an adhesive
layer on the TiN, while maintaining the vacuum state, and
then an aluminum layer was uniformly formed to a thickness
of'500 nm by deposition on the adhesive layer to obtain a die
covered with aluminum. A positive electrode was then
attached to part of the surface other than that where a
concave-convex structure was wished to be formed, mask-
ing was conducted, and an aluminum-covered die was
obtained that was insulated and waterproofed by covering
the area outside this surface. The die was then immersed
together with the negative electrode in a 5 wt. % aqueous
solution of phosphoric acid adjusted to a temperature of 10°
C. A voltage of 120 V was then applied from a direct current
power source and a current was passed for 3 min 30 sec. The
hole diameter was then expanded by etching by immersing
for 45 min in a 5 wt. % aqueous solution of phosphoric acid
at room temperature and dissolving. The voltage application
and current passing procedure was repeated four times, the
etching procedure was repeated three times, and the hole
diameter was then expanded by immersing for 8 min in a 5
wt. % aqueous solution of phosphoric acid at normal tem-
perature, thereby producing tapered holes. The optical ele-
ment molding die that has thus been obtained had formed
therein the desired fine concave-convex structure. On the
surface of the optical element molding die, generation of
swelling and spots due to dissolution of the Ni layer was not
observed.

The optical element molding die that has been produced
by the above-described procedure was then arranged at the
incoming surface side and outgoing surface side of an
injection molding apparatus (SS180 manufactured by Sumi-
tomo Heavy Industries Ltd.), poly(methyl methacrylate)
(Delpet 70NH, manufactured by Asahi Chemical Co., Ltd.)
was injection molded, and an optical element having a
concave-convex structure was obtained. In this case, the die
temperature was 95° C. and the pressure during resin injec-
tion was maintained at 80 MPa.

Comparative Example 4

An optical element that was molded in Comparative
Example 2 and had no fine concave-convex structure was
produced. Table 2 below shows the results obtained by
measuring the reflectance of the optical elements at an
incidence angle of 5° by a spectrophotometer. The reflec-
tance of the optical element having a fine concave-convex
structure was found to be lower by about 4% than that of the
optical element having no fine concave-convex structure.
Also, spots and protrusive seeding having a size of um-order
were observed in an appearance.

Table 2

Results Obtained in Measuring the Reflectance of

Optical Elements
450 nm 500 nm 550 nm
Fine structure 0.5% 0.2% 0.1%
is present
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-continued

Optical Elements

450 nm 500 nm 550 nm

Fine structure 4.3%

is absent

4.4% 4.4%

While the invention has been described with reference to
exemplary embodiments, it is to be understood that the
invention is not limited to the disclosed exemplary embodi-
ments. The scope of the following claims is to be accorded
the broadest interpretation so as to encompass all such
modifications and equivalent structures and functions.
This application claims the benefit of Japanese Patent
Application Nos. 2008-286552 filed Nov. 7, 2008, and
2009-249094 filed Oct. 29, 2009, which are hereby incor-
porated by reference herein in their entirety.
What is claimed is:
1. A method for manufacturing an optical element mold-
ing die, comprising the steps of:
forming a protective layer composed of a material with a
positive standard electrode potential on a substrate that
is made by forming a Ni—P plating layer on a base;

forming an aluminum layer on the protective layer; and

forming a plurality of holes in the aluminum layer and
forming an anodic oxidation layer by conducting
anodic oxidation of the aluminum layer by using an
electrolytic solution including at least any of phos-
phoric acid, oxalic acid, and sulfuric acid.

2. The method for manufacturing a optical element mold-
ing die according to claim 1, further comprising the step of
cleaning the substrate before the step of forming the pro-
tective layer, wherein the step of cleaning the substrate and
the step of forming the protective layer are conducted
continuously by a wet system.

3. The method for manufacturing an optical element
molding die according to claim 2, wherein in the step of
forming the anodic oxidation layer, a hole diameter of the
plurality of holes is isotropically expanded by conducting
etching after the anodic oxidation has been performed.

4. The method for manufacturing an optical element
molding die according to claim 3, wherein in the step of
forming the anodic oxidation layer, the anodic oxidation and
the etching are repeatedly performed and the plurality of
holes are tapered.

5. The method for manufacturing an optical element
molding die according to claim 1, wherein the base is made
of stainless steel.

6. The method for manufacturing an optical element
molding die according to claim 1, wherein the Ni—P plating
layer is cut to a desired shape and surface accuracy.

7. A method for manufacturing an optical element com-
prising molding the optical element with the optical element
molding die manufactured by the method according to claim
1.

8. The method for manufacturing an optical element
molding die according to claim 1, wherein the protective
layer contains a material selected from a group consisting of
Au, Ir, Pt, Ru, Pd, Rh, Re, Ag, Ti, Cu and Si.
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